Dynamics of molecules in an intense laser field is studied in terms of the quantum electronic wave packet coupled with classical nuclear motions. The equations of motion are derived taking a proper account of molecular interactions with the vector potential of a classical electromagnetic field, along with the nonadiabatic interaction due to the breakdown of the Born-Oppenheimer approximation. With the aid of electronic structure calculations, the present method enables us to track, in an ab initio manner, the dynamics of polyatomic molecules in an intense field. Preliminary calculations are carried out for the vibrational state of LiF and a collision of Li+ F under an intense laser pulse, which are limited to the domain of no ionization.
I. INTRODUCTION
Recent advances in laser technology have made it feasible to generate an intense laser pulse with a peak intensity as high as 10 12 -10 16 W cm −2 . The strength of the associated electromagnetic field of such a pulse is comparable to that of the natural Coulomb field within a molecule, and thereby the laser can drastically change the internal forces acting on electrons and nuclei, which may lead molecular science into a fundamentally new stage. 1 H 2 + and H 2 molecules are among the most extensively studied systems both experimentally [2] [3] [4] and theoretically [5] [6] [7] [8] [9] in this context. The irradiated molecules, in general, undergo an ultrafast structural deformation and ͑multiple͒ ionization, which is often followed by the socalled Coulomb explosion. [10] [11] [12] A recent Coulomb explosion experiment with anthracene, for instance, has revealed that the laser can induce a long-lived localization of charge in a molecule, releasing a proton with a vast amount of kinetic energy. 13 Thus the intense laser brings about a new phase of study on the dynamics of electrons and nuclei in a molecule.
Except for the studies on H 2 + and H 2 molecules, whose electronic and nuclear wave packets are propagated quantum mechanically without the use of the Born-Oppenheimer approximation, 5, 6, 8 theoretical developments so far made are mostly within the "adiabatic" or "quasiadiabatic" picture of electron dynamics: The effect of the strong laser field is considered only for electron dynamics and its coupling with nuclear motions is tentatively neglected. The dressed molecule picture based on the Floquet formalism along with the rotating wave approximation are the first straightforward idea within such quasiadiabatic approaches, where a system with periodic time dependence is transformed into infinite sets of coupled time-independent Schrödinger equations. 14, 15 In this approach, a molecule absorbing n photons is represented in terms of the adiabatic potential-energy surface shifted by the amount of nប, the so-called dressed states. The transition among the dressed states is to be taken into account through the "avoided crossings" among those shifted potentials. Although useful as the first qualitative approximation, this approach is quite often not practically applicable, simply because such avoided crossings are not localized in space as expected. In particular, for a laser with a low frequency such as infrared laser, so many dressed states have to be assumed. Another approach based on the KramersHenneberger ͑KH͒ approximation 16, 17 treats the case of highfrequency limit where a quasistationary picture holds due to the effective time averaging. [18] [19] [20] Very recently, Yasuike and Someda 20 have carried out ab initio molecular-orbital calculations based on the KH Hamiltonian and established a clear and simple view on the deformation of molecular orbitals embedded in an intense continuous-wave laser field. In particular, they have found that the ground-state helium atoms can form a tightly bound ͑covalent͒ molecule as a Floquet state. Although the KH framework has been successful to give correct predictions about some relevant phenomena such as molecular alignment, one should always be careful about its validity, which is readily broken in the lowfrequency regime. In the context of similar idea to establish the equations of motion for electrons under the intense fields ͑with fixed nuclei͒, several methods have been proposed. Li et al. 21 have devised an efficient algorithm to carry out timedependent Hartree-Fock calculations to propagate the electron density matrix. Kato and Kono 22 have developed a timedependent method based on a multiconfigurational wave function, which incorporates the electron correlation effects and proper descriptions of the intramolecular electron transfer.
In all these works, however, no coupling between the electronic and nuclear dynamics is considered. Since the nuclei are also placed in the equally strong laser field as electrons are, and since their opposite responses to the electronic field may cause unknown effects, the ͑nonadiabatic͒ dynami-cal coupling between electrons and nuclei must be essential in this science. It should be noted that the deformation of molecular orbitals alone cannot describe the nonadiabatic change of the molecular state, in which the so-called entanglement between the nuclear and electronic states is essential. In this paper, therefore, we start from the ab initio theory of nonadiabatic interaction for quantum electronic wave packet coupled with classical nuclear dynamics. Into this framework we implement the classical theory of electromagnetic interaction to drive the electron and nuclei in the molecule. To do so, we formulate a proper account of the strong laser field through the vector potential, since incorrect treatment of the electronic excitation in the strong laser field is often employed in the literature.
The aim of this paper is twofold: One is a systematic formulation of the nonadiabatic dynamics under the strong laser field, with which one can track the chemical reaction dynamics under the strong laser field paying an attention to the wave packet of electrons. For instance, one of our concerns is the electronic wave-packet description of the electron transfer system which is placed in a strong laser field. The other one is to establish the ab initio algorithm that enables its numerical realization. We actually show examples about the electronic and vibrational excitations of LiF molecule and collision of Li and F atoms in strong laser fields. Yet, our project is split into two stages; in this first stage we do not consider ionization process, since the description of electronic wave packet for photoelectron requires additional and large tasks. We cast this aspect to the second stage and will report in future.
Since a rigorous quantum approach to both electrons and nuclei faces a prohibitively unfavorable scaling of the computational task, the nuclear dynamics is treated classically within the nonadiabatic scheme. Very recently, Amano and Takatsuka 23 have studied an efficient ab initio method where a polyatomic molecule is described in terms of coupled electronic wave packet and classical nuclear particle. The equations of motion for each component have been derived with proper accounts of the kinematic couplings between the electrons and nuclei. With the aid of ab initio electronic structure calculations, the motion of nuclei coupled with electronic wave packet has been investigated for a nonadiabatic collision between H 2 and B + . We here extend this method to a case where the electromagnetic field is present.
The present paper is organized as follows: In Sec. II, our theoretical framework is presented after a brief review of the work of Ref. 23 . The computational details and the results are presented in Sec. III, and its first applications are made to LiF in an intense laser pulse. The paper concludes with some remarks in Sec. IV.
II. METHOD
We briefly outline the mixed quantum-classical method according to that presented by Amano and Takatsuka, 23 and then show its extension to a case of molecule-field interactions. as basis functions for a theoretical convenience. Since the electronic wave function depends on time both through the expansion coefficients and the nuclear coordinates as ‫ץ‬⌽ ‫ץ‬t
A. Field-free case
= ͚ I ͫ Ċ I ⌽ I + C I͚ k Ṙ k ‫ץ‬⌽ I ‫ץ‬R k ͬ ,
͑6͒
the substitution of Eq. ͑3͒ into Eq. ͑1͒ leads to the following coupled equations for the coefficients ͕C I ͑t͖͒:
͑7͒
Here, Ṙ k , X JI ͑k͒ , and H JI ͑el͒ are, respectively, nuclear velocity, nonadiabatic coupling, and the Hamiltonian matrix defined as
͑8͒
and
The motion of nuclei is described classically based on the following effective Lagrangian:
with the effective potential that is free from the optical field
͑11͒
. With this Lagrangian inserted into the Euler-Lagrange equation of motion, the classical equations of motion for nuclei are derived. The full derivations are given in Ref. 23 , and here we only show the final result,
where M k is a nuclear mass associated with the coordinate R k Assuming that ͕⌽ I ͑r ; R͖͒ makes a complete set at each R, these equations of motion are further simplified as
For the later convenience, we rewrite this expression in terms of the eigenfunctions of the electronic Hamiltonian as 24, 25 
͑15͒
The time evolution of the system is obtained by simultaneously solving Eqs. ͑7͒ and ͑13͒ ͓or Eq. ͑15͔͒.
B. Quantum electronic motion in an electromagnetic field
Within the scheme of classical electromagnetic-field theory, the motion of electrons in an electromagnetic field is described by the following Hamiltonian:
where −e , A i , and c denote the elementary charge of an electron, the vector potential of the electromagnetic field, and the light velocity, respectively. By expanding the first term and applying the gauge condition ٌ i · A i = 0, Eq. ͑16͒ can be rewritten in terms of the usual electronic Hamiltonian as
with an effective potential
Then the time-dependent Schrödinger equation for the electronic wave function reads iប ‫ץ‬ ‫ץ‬t ⌽͑r,t;R͑t͒͒ = H el Ј ⌽͑r,t;R͑t͒͒.
͑19͒
Substitution of Eq. ͑3͒ into Eq. ͑19͒ gives the equation of motion for the coefficients ͕C I ͖,
͑20͒
This equation resembles the one for the field-free case, Eq. ͑7͒; however, the electron-field interaction is now present in the matrix element of the Hamiltonian H el Ј ,
where V JI ͑opt͒ denotes the matrix element of V ͑opt͒ ͑t͒.
C. Classical nuclear motion in an electromagnetic field
We next consider the nuclear motion in an electromagnetic field. To begin with, we introduce the following effective Lagrangian that modifies the kinematic part:
with
where R a and q a e denote the nuclear position and the charge of the ath nucleus, respectively. The second term in Eq. ͑23͒ represents the direct interaction between the vector potential and moving nuclei, which will give rise to the Lorentz force after all. V ͑fr͒ has been defined in Eq. ͑11͒. A rather indirect effect of the laser field through the electronic change on the nuclear motion will be introduced by the dynamics of Eq.
͑20͒.
To determine the equations of motion for nuclei, we resort to the Euler-Lagrange equations
It is well known that the left-hand side of the above equation gives the Lorentz force
where the electric and magnetic fields are derived from the vector potential as
The right-hand side of Eq. ͑25͒ with the help of Eq. ͑20͒ gives
͑29͒
As shown in the Appendix the second term of the above equation vanishes, so that we attain the force acting on the nuclear coordinate R k as
Furthermore, for a complete set having the identity
just as in the proof for the Ehrenfest theorem, and in this case we simply have
The last two terms of Eq. ͑32͒ represent a force acting on a nucleus due to the change of the electronic state in the optical field.
D. EOM for practical implementations
So far, we have not specified any particular form to the classical electromagnetic field and therefore the above dynamical equations are general. We now introduce the standard approximations to carry out an ab initio dynamics.
Long-wavelength approximation for the electronic propagation
The vector potential is a function of time and position of a charge particle as
where A 0 and denote its magnitude and the polarization vector, respectively. is an arbitrary constant phase and we simply set = 0. Since the light wavelength ͑ϳ100 nm͒ is much longer than the typical size of molecules ͑0.1-1 nm͒, the long-wavelength approximation may be applied such that
which makes A as a function only of time.
Since the second term in Eq. ͑18͒ then depends on neither the momenta nor the positions of electrons, this term can be safely dropped. This is because it only modifies the phase that is associated with the total electronic wave function but not the density. Since this paper does not study the molecular properties relevant to this phase, the second term in Eq. ͑18͒ is simply omitted, 27 resulting in
The matrix element of the momentum operator requires the calculation of
The photoionization amplitude using this direct matrix element is called the velocity form. This matrix is antisymmetric and therefore the diagonal elements are identically zero, that is,
for any basis functions.
As is well known, 26 the velocity form can be transformed to the length form such that
in which it has been explicitly made use of that ⌿ I and ⌿ J are the eigenfunctions of H el . With the use of Eq. ͑38͒, the matrix element of V ͑opt͒ can be rewritten as
Again, the diagonal terms are identically zero due to II =0, and only the off-diagonal terms give the rate of electronic transitions proportional to the product of the vector potential and transition dipole moment vector ͑ JI ͑el͒ ͒.
With Eqs. ͑20͒, ͑21͒, and ͑41͒, the coupled equations of motion for electrons are obtained as
͑43͒
These equations are to be integrated in terms of ab initio electronic structure calculations, which gives the electronic energy ͑V I ͒, transition dipole moments ͑ JI ͑el͒ ͒, and nonadiabatic couplings ͑X JI ͑k͒ ͒.
Classical field applied to the nuclear dynamics
Let us consider the last two terms
the nuclear forces arising from the electronic deformation in Eq. ͑32͒. It is obvious that the second term is actually zero in the spatially uniform optical field as in the present case. To evaluate the first term of Eq. ͑44͒, we here resort to the standard classical approximation for electronic interaction with the electromagnetic field as
͓Recall that the electromagnetic force acting on electrons within the full classical treatment is given as
and here again we assume the spatial uniformity of the fields, E͑t , r i ͒ = E͑t͒ and B͑r i ͒ = 0.͔ This approximation makes the practical treatment consistent with the classical approximation for the nuclear electromagnetic interaction as in Eq. ͑30͒. Thus the nuclear derivative of the average of the interaction energy between electrons and the electric field is given as
Summarizing these results, we come to the standard representation of the ͑classical͒ vibrational excitation dynamics due to the dipole interaction with the electromagnetic field,
where is a molecular dipole defined as
͑49͒
for which the complete set is assumed to be present. However, it is well known that the direct use of the HellmannFeynman force as in Eq. ͑48͒ quite often leads to inaccurate estimate of the molecular force ͑see Ref. 23 for more details in this aspect͒. For a practical system, where a complete set is not available, we actually resort to
͑51͒
These results may be too obvious to reproduce but they should serve as evidence that our procedure is consistent. The electric field E͑t͒ we actually use will be given later in Eq. ͑55͒.
III. APPLICATIONS A. Computational scheme
Although the theory presented above is general, its applications in this paper are rather limited: First of all, we do not consider either photoionization or above-threshold ionization, and assume that a molecule undergoes electronic transitions among the limited number of the adiabatic states. Some of the most striking features of a molecule in an intense laser field are the various kinds of ionization and the so-called Coulomb explosion following the multiple ionization. We will study these aspects separately. Also, we consider a rather small number of the electronic states as those that are involved in optical transitions. Under this situation, the eigenfunctions of the field-free electronic Hamiltonian are convenient as basis functions, and are, thus, considered here. To describe the ionization process, however, the configuration state functions ͑CSF͒ are likely to be more convenient as a basis set. 23 In what follows, we solve Eqs. ͑43͒ and ͑50͒ simultaneously. The algorithm to implement our method consists of five modules: initial condition generator, electronic wavepacket propagator, classical molecular-dynamics ͑MD͒ propagator, laser pulse-generator, and ab initio electronic structure calculations. Ab initio calculations are carried out to obtain the energy, energy gradients, transition dipole moments, and nonadiabatic coupling elements at the nuclear coordinates at a given time. Except for the nonadiabatic coupling elements, the required quantities are readily provided by the standard quantum chemistry packages. Then, these data are employed to propagate both electrons and nuclei. ͑See Ref. 23 for some details about the computational scheme.͒ Note that the propagation of the nuclear motion also requires the coefficients of the electronic wave packet and the gradient of the electronic dipoles. The on-the-fly electronic structure calculation makes it possible to apply the present dynamical method to polyatomic systems.
B. Systems

Molecular system
The molecular system to be applied to is LiF, for which excitation dynamics from the ground state and collision between Li and F under a laser field are studied. Figure 1 shows the adiabatic potential-energy curve of the ground 28 CASSCF calculations were carried out using 6-311G͑2df͒ basis sets [29] [30] [31] at every 0.25 bohr internuclear distances from 1.75 to 12.0 bohrs to generate the above potential-energy curves, transition dipole moments, and nonadiabatic couplings. These data were then interpolated as a function of the internuclear distance with the use of the spline technique. All these standard quantum-chemical calculations were performed using MOLPRO program package. 32 As seen in Fig. 1 , the two low-lying ⌺ + states are "connected" through an avoided crossing at R ϳ 7.5 bohrs, where they mutually exchange the ionic and covalent characters. 33 At R = 7.5 bohrs, the magnitudes of the nonadiabatic coupling and the energy difference between the two states are ϳ1.0 bohr −1 and ϳ0.03 hartree, respectively. With these values and a classical speed to pass through the crossing region ͑ϳ0.1 bohr fs −1 ͒, the Massey condition is estimated as
which indicates a very small probability of nonadiabatic transitions. Therefore, the nonadiabatic couplings should play a relatively minor role in the present case. Since the nonadiabatic couplings among the other states are even smaller, all but the one between the 1⌺ + and 2⌺ + have been neglected in the dynamics calculations.
The electronic wave packets were evolved in time by diagonalization of the Hamiltonian matrix, which is accurate and efficient when the size of the matrix is small ͓the present case deals with a ͑9 ϫ 9͒ matrix͔. The nuclear equations of motion were integrated by the Gear predictor-corrector algorithm. The time steps for both electrons and nuclei were chosen to be 0.05 as, which had been determined through preliminary studies.
Optical system
In Table I are given the parameters of the laser field having various intensities that are examined to study the theory. The magnitudes of the electric field ͑E 0 ͒, vector potential ͑A 0 ͒, and intensity ͑I͒ are related to each other through
where and ⑀ 0 are the field frequency and the electric constant, respectively. It is important to note that A 0 depends not only on the intensity but also on the laser frequency. We will discuss this point later. As usual the Gaussian shape has been assumed to mimic the laser pulse as 
͑55͒
The role of the envelope for few-cycle laser pulses, in particular, the second term in Eq. ͑55͒, has been studied by Chelkowski and Bandrauk. 34 In this study, t 0 and T were chosen to be 100 and 67 fs, respectively, which provided a laser pulse of an approximately 200 fs duration. We examine two polarization vectors for this laser field, ͑0,0,1͒ and ͑1,1,1͒ / ͱ 3 in what follows.
C. Dynamics
Laser excitation of the ground state ͓C 0 ͑0͒ = 1.0 in Eq. ͑43͔͒ of LiF is initiated from a geometry at R = 3.0 bohrs on the z axis, while the initial velocity was chosen so as to reproduce the zero-point energy. Figure 2 shows the trajectory of LiF molecule under a laser of = ͑0,0,1͒ and = 0.2 a.u. with the intensities B , C, and D ͑see Table I͒ . This frequency is first examined since the vertical excitation energy at the bottom of 1⌺ + is about 0.2 a.u., as seen in Fig. 1 . The variation of the internuclear distance in Fig. 2͑a͒ indicates that the nuclear dynamics is not much affected by the fields B , C, and D. The trajectories are quite similar to the field-free case. Nevertheless, it is seen that the laser induces a strong mixing between the 1⌺ + and 2⌺ + states. Figures  2͑b͒, 2͑c͒, and 2͑d͒ , respectively, show the populations of the electronic states along the trajectory under the field of intensities B , C, and D. 3⌺ + state becomes slightly populated only when the strongest field is applied, as seen in Fig. 2͑d͒ . Note that ⌸ and ⌬ states do not mix in since the polarization vector is parallel to the molecular axis allowing only transitions between the ⌺ + states.
The use of the other polarization vector = ͑1,1,1͒ / ͱ 3 drastically changes the transition dynamics by allowing ⌺ 3͑a͒ that the lasers with intensities C and D induce extremely large amplitude vibration between Li and F atom, yet they are not dissociated. In fact, these remain bound as LiF molecule after the laser is switched off. From the change in populations for intensities C and D shown in Figs. 3͑c͒ and 3͑d͒, respectively, one can see that the three low-lying states, 1⌺ + ,2⌺ + , and 1⌸, are strongly mixed being accompanied by rapid large oscillations of the amplitudes. Near the equilibrium distance, the ground state is most strongly coupled with the 1⌸ state through the transition dipole moment and therefore the transitions begin with ⌺ + → ⌸ and 2⌺ + participates a little later, as seen in Figs. 3͑b͒-3͑d͒. Thus it turns out that the 1⌸ state plays a key role in the excitation dynamics of LiF in the intense laser field. Figure 4 shows the trajectory of LiF molecule under a laser of = ͑1,1,1͒ / ͱ 3 with a frequency = 0.005 a.u., ប of which is much smaller than the energy discrepancy between 1⌺ + and ͑2⌺ + ,1⌸͒. Only the results for intensities B and C are exhibited in Fig. 4 . Obviously, the dynamics strongly depends also on the laser frequency, as readily confirmed by comparison between Fig. 3 and Fig. 4 . Since the frequency is far from the resonance condition, intensity B ͑intensity A as well͒ does not perform well the excitation and the states come back to 1⌺ + after all. However, in the strong intensity regime, the physics drastically changes: The laser with intensity C induces an electronic excitation to the higher states such as the 1⌬ state, as shown in Fig. 4͑c͒ , resulting in a drastic elongation of the LiF bond length. To comprehend the difference between the cases of B and C, we should recall that the vector potential is inversely proportional to the frequency, as in Eq. ͑53͒, and therefore the frequency dependence of the light-matter interaction in the low-frequency regime should be studied in a scheme where the role of the vector potential is appropriately treated. As shown in Table I a small leads to a large A 0 , which extremely enhances the coupling between the electronic states. In fact, intensity D has led to a severe numerical instability and hence the results are not presented.
In both Figs. 4͑b͒ and 4͑c͒, the population of each electronic state show an oscillation with a period of ϳ15 fs, though the patterns in Fig. 4͑c͒ is less clear than that in Fig.  4͑b͒ . These oscillatory behaviors are often discussed in terms of the Rabi frequency ͑ R = E / ប͒. In the present case, however, the Rabi frequency should be as short as 1-4 fs, which is much shorter than those observed in Figs. 4͑b͒ and 4͑c͒ . ͑Incidentally, the frequency in the oscillations observed in Figs. 3͑c͒ and 3͑d͒ basically corresponds to the Rabi frequency.͒ If the individual cycles of the oscillations in Figs. 4͑b͒ and 4͑c͒ are composed of two peaks, the corresponding periods are about 30 fs, which are close to the period of the laser oscillation ͑ϳ30 fs͒. The present results indicate that the low-frequency laser, such as IR laser, is capable of inducing a vivid electron dynamics despite the far offresonance situation.
Finally, a head-on collision of Li+ F along the z axis under the same lasers is studied. The atoms collide on the ground-state potential-energy curve with the kinetic energy corresponding to 300 K. Figure 5͑a͒ shows the trajectory representing the collision under the lasers of = ͑0,0,1͒ and = 0.1 a.u. with intensities A , C, and E. The laser with the strongest intensity studied ͑E͒ traps the two colliding atoms to create a molecule of large amplitude motion, as in the laser trapping phenomenon. The figure suggests that the trapping is assisted by the nonadiabatic coupling between 1⌺ + and 2⌺ + states. Further investigation is necessary to confirm this observation. This result suggests a way to assist manipulation and control of the chemical reactions using an intense laser pulse. Figures 5͑b͒-5͑d͒ show the plots of the electronic energy versus the internuclear distance along the trajectories with intensities A , C, and E, respectively, where the electronic energy is defined as
Figure 5͑b͒ represents a familiar simple nonadiabatic process, in which the electronic population hops from the 1⌺ + to 2⌺ + state around R Ӎ 5 bohrs and dissociates. On the other hand, it is observed in Figs. 5͑c͒ and 5͑d͒ that the population strongly oscillates among the states with the intense lasers of C and E, respectively; in the latter, it is even accessible to the higher-lying 3⌺ + state through the multiphoton scheme. It is therefore apparent that the present situation cannot be described in terms of "local" electronic transitions as implied in the Floquet picture. 19, 20 Also, it is obvious that not only the deformation of the electronic states but also its coupling to the nuclear motions is crucial to form such a molecular state. A study is underway to comprehend the origin of this binding phenomenon.
Finally, we investigate the role of the nonadiabatic coupling in the present Li+ F chemical reaction in the laser field of various intensities. In Fig. 6 two cases are compared; panel ͑a͒ shows the calculation in which the nonadiabatic interaction between 1⌺ + and 2⌺ + is included, while ͑b͒ ignores such an effect. As seen in the figure, we have not observed a systematic difference between these two cases. However, it is readily confirmed that there is certainly a large difference between the two cases. Despite of the fact that the nonadiabatic coupling in the present system happens to be not large, such large quantitative effects have resulted. Therefore more systematic study in this aspect should be strongly demanded, which will be reported in our future publication.
IV. CONCLUDING REMARKS
A method for quantum wave-packet dynamics coupled with classical nuclear motions in an intense laser field has been presented. The equations of motion for the electronic wave packet and the "classical" nuclear motions have been derived based on the vector potential of the electromagnetic field. The motion of electronic wave packet, given in Eq. ͑20͒, is described in terms of the electronic Hamiltonian, the kinematic couplings between the electrons and nuclei, and the electron-field interaction through the vector potential and the transition dipole moment. The nuclear equations of motion are expressed in a compact form as in Eq. ͑50͒, where the force acting on nuclei is given by the Coulomb force of nuclei-electrons and nuclei-field interactions. With the aid of ab initio electronic structure calculations, the present method enables us to track the dynamics of polyatomic molecules in an intense field.
Applications are made to LiF molecule and Li+ F collision event in an intense laser pulse. In the former, the simulations have revealed large amplitude vibrations of LiF where the 1⌸ state is found to play an important role. Additionally, a strong laser frequency dependence is observed by FIG. 5 . ͑Color͒ The trajectories of Li + F collision event under a laser of = ͑0,0,1͒ and = 0.1 a.u. with intensities A , C, and E. ͑a͒ The variation of the internuclear distance. Panels ͑b͒, ͑c͒, and ͑d͒ display the plots of the electronic energy vs the internuclear distance. The field-free case is also given in ͑a͒. using the correct form of molecule-field interaction derived in the present work. In the latter, trappings of the colliding atoms have been observed. The present results encourage us to make further applications to polyatomic systems, which is now in progress.
